INTRODUCTION
The understanding ofthe catalytic mechanisms offl-lactamases and penicillin-sensitive DD-peptidases has recently been improved by the contributions of X-ray crystallography (Herzberg & Moult, 1987; Dideberg et al., 1987; Kelly et al., 1989; Oefner et al., 1990 ) and site-directed mutagenesis (Gibson et al., 1990; Ellerby et al., 1990; Jacob et al., 1990) .
In spite of these advances, we are still far from being able to propose detailed mechanisms that coherently explain the various interactions and account for the specificities of the different classes of enzymes. Taking a different approach, we have undertaken to analyse closely the commonly accepted assumption that an anionic group, such as the carboxylate group at C-3 of penicillins, the C-4 of cephalosporins or the SO3-group in monobactams is necessary for effective biological activity and, in consequence, for the interaction with the penicillin-sensitive DDpeptidases (Varetto et al., 1987a,b) .
An independent study of Laws & Page (1989) examined the effect of this carboxylate group on the chemical reactivity of penicillins and cephalosporins and on their interaction with a class A ,6-lactamase and a class B /J-lactamase. To obtain a general overview of these phenomena, we decided to extend the studies to the interactions between various compounds with modified carboxylate group and representatives of each of the major families of active-serine penicillin-recognizing enzymes: a penicillin-sensitive DD-peptidase (from Streptomyces R61), two class A fi-lactamases (from Bacillus licheniformis and Streptomyces albus G) and a class C ,-lactamase (from Enterobacter cloacae).
MATERIALS AND METHODS Enzymes
The Streptomyces R61 DD-peptidase was purified as described by Frere et al. (1976) and the fl-lactamases of B. licheniformis 749C, S. albus G and E. cloacae 908R were purified as described by Matagne et al. (1990) . Horseradish peroxidase and pig kidney D-amino acid oxidase were from Boehringer (Mannheim, Germany).
Substrates
NxNW-Diacetyl-L-lysyl-D-alanyl-D-alanine (Ac2-L-Lys-D-Ala-D-Ala) was from UCB Bioproducts (Braine-l'Alleud, Belgium). Benzylpenicillin was from Rhone-Poulenc (Paris, France), deacetylcephalosporin C and the corresponding lactone were gifts from Dr. J. B. Ward (Glaxo Research Group, Greenford, Middx., U.K.) and cephalosporin C was a gift from Eli Lilly and Co. (Indianapolis, IN, U.S.A.) . The methyl ester and the amide of benzylpenicillin were prepared as described by Jaszberenyi & Gunda (1975) .
Buffers
Experiments were performed in the following buffers: pH 5.5, 11.5 mM-sodium cacodylate/HCI; pH 6, 13 mM-sodium cacodylate/HCI; pH 6.5, 11.5 mM-sodium phosphate or 11.5 mM-sodium cacodylate/HCI; pH 7, 10 mM-sodium phosphate. The salt contents of the reaction mixtures were adjusted to a conductance of 0.1 mS with the use of a Methrohm E527 conductometer by slightly modifying the buffer concentrations.
Electrophoresis
The charge of the product resulting from the hydrolysis of the lactone by OH-ions and by the ,J-lactamases was estimated by paper electrophoresis (60 V/cm) in water/acetic acid/collidine (1000:2.7:9, by vol.), pH 6.5. Deacetylcephalosporin C and its hydrolysis product were used as standards. The compounds were detected by spraying the paper with a ninhydrin solution, which reacted with the free amino group on the side chain.
Measurement of DD-peptidase activity
The enzyme was incubated at 37°C in 5 mM-sodium phosphate buffer, pH 7.0, in the presence of 2 mM-Ac2-L-Lys-D-Ala-D-Ala and the hydrolysis reaction was terminated by heating the sample Abbreviation used: EREF, enzyme-rate-enhancement factor.
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Spectrophotometric measurements
Absorbance measurements were performed with the help of a Beckman DU-8 spectrophotometer linked to an Apple II microcomputer or of a Uvikon 860 spectrophotometer linked to a Copam PC microcomputer.
Fluorescence measurements were made with a Perkin-Elmer MPF-44 spectrofluorimeter.
Determination of the kinetic parameters
The analysis was based on the three-step model 
THEORETICAL CALCULATIONS
All the degrees of freedom of geometry of the 12 compounds (the six compounds of Table 1 and their methyl esters, used as models for the acyl-enzymes) have been fully optimized in the semi-empirical AM 1 framework (Dewar et al., 1985) .
The net charges were calculated by Mulliken population analysis of the STO-3G density matrix at the AM 1 geometry. To calculate the electrostatic potential generated around the molecules, the density matrix elements were obtained at the CNDO/2 level (Pople & Beveridge, 1970) .
The electrostatic potentials were calculated with a complete CNDO scheme in which the nuclear attraction integrals are approximated by minus the repulsion integrals between s orbitals (approximation I yah) (Giessner-Prettre & Pullman, 1972) .
The dimensions of the regular three-dimensional grid were defined as the dimensions of the molecules increased by 0.5 nm (5 A) in each direction. From these data sets, a contouring algorithm was applied joining the points at the level of -41.8 kJ/mol (-10 kcal/mol).
RESULTS

Hydroxide-ion-catalysed hydrolysis
These experiments were performed to obtain an estimation of the sensitivity of the various compounds to the action of nucleophiles. The results are summarized in Table 1 .
The fact that the lactone ring remained intact after hydrolysis of the fl-lactam ring by OH-ions and the /J-lactamases was demonstrated by the electrophoretic mobility of the product. The following mobilities were recorded after correction for electroendosmosis: deacetylcephalosporin C, 17 cm/h (one negative charge); lactone, 0 cm/h (no charge); hydrolysed deacetylcephalosporin C, 32 cm/h (two negative charges); product of hydrolysis of the fl-lactam ring of the lactone by both OH-and the fl-lactamases, 17 cm/h (thus, one negative charge).
In the acyl-enzyme formed with the R61 DD-peptidase, the lactone ring was also intact as discussed previously (Varetto etal., 1987a) .
Benzylpenicillin methyl ester was also 20-fold more sensitive to CH30-ions than benzylpenicillin itself. When attempts were made to measure the rate of reaction of the same nucleophile with the cephalosporins, secondary reactions, concomitant with Table 2 .
Finally, we verified that the ester was not contaminated by a small proportion of benzylpenicillin by showing that the inactivation of the R61 DD-peptidase occurred at the same rate after the ester solution had been treated with enough B. licheniformis ,J-lactamase to destroy in 3 min a quantity of penicillin corresponding to 10% of that of the ester.
The interaction between the R61 DD-peptidase and deacetylcephalosporin C and its lactone has been described previously (Varetto et al., 1987a) .
Interaction with the class A fl-lactamases
The results are depicted in Table 3 . The methyl ester and the amide were 103-104-fold less sensitive to enzymic hydrolysis than the parent compound. On the contrary, with the B. licheniformis fl-lactamase the lactone was a much better substrate than both deacetylcephalosporin C and cephalosporin C. In fact, the kcat./Km and the kct values for the lactone were respectively 5 % and 20 % of those of benzylpenicillin, which is one of the best substrates for this enzyme. However, as shown in the Discussion section, the sensitivity of the lactone to enzymic hydrolysis is probably strongly dependent on the intrinsic instability of the compound. However, the situation was different with the S. albus G enzyme, for which the lactone was not a better substrate than cephalosporin C itself.
Interaction with the E. cloacae filactamase
The results are depicted in Table 4 . The amide was 500-fold less sensitive than benzylpenicillin, as observed with the class A ,f-lactamase. In contrast, the methyl ester was a surprisingly good substrate, the kcat/Km value being about 15 % of that observed with benzylpenicillin. The difference was mainly due to an increase in Km. For benzylpenicillin and the methyl ester, the Km values were too low to allow direct measurements. They were determined as K, values with nitrocefin as the reporter substrate.
In -consequence, the kinetic parameters for nitrocefin were also determined at pH 7.
With class C f-lactamases, low Km values are often due to values of k3 significantly lower than those of k2. In consequence, the kcat values were also measured in the presence of methanol.
The results are presented in Table 5 . Moreover under these conditions and with the lactone as substrate a new reaction product was detected by h.p.l.c. It was tentatively identified as the a-methyl ester of the lactone, since a compound of identical retention time was obtained by incubating the lactone in dry methanol. Fig. 1 models for the serine-linked acyl-enzymes. The most remarkable features were the rotations around the C-5-C-6 (77-78°) and C-6-C-7 (550) bonds in penicillins and around the corresponding C-6-C-7 (72-73°) and C-8-C-9 (113-119°) bonds in cephalosporins (Table 6) . Finally, the net charges on each atom were also computed. An example is given in Fig. 2 .
RESULTS OF THE THEORETICAL CALCULATIONS
DISCUSSION
The interaction of fl-lactam antibiotics with the serine DDpeptidases and ,-lactamases involves a nucleophilic attack by the serine hydroxy group on the f4-lactam carbonyl carbon. The efficiency of that process is reflected by the value of the bimolecular rate constant, k2/K', measured as kcat /Km for the f,-lactamases and on the basis of the rate of inactivation for the DDpeptidases. The value of this acylation rate constant is expected to depend on the intrinsic susceptibility of the ,J-lactam ring to nucleophilic attack but, with the Streptomyces R61 DD-peptidase, this factor is certainly very far from being the most important one (Frere et al., 1982) . Indeed, in a series of penams, the exocyclic acylamido side chain exhibited only moderate effects on the sensitivity of the molecules to hydrolysis by OH-ions, but spectacular ones on the rate of formation of the acyl-enzyme. These results can certainly be related to the fact that nucleophilic catalysis involves very rigid transition states and could be interpreted by assuming that the structure of the side chain is a determinant factor in adequately positioning the fl-lactam ring with respect to the serine hydroxy group. However, if the binding of different molecules to the same enzyme active site involves similar geometries, the intrinsic reactivities of these molecules cannot fail to influence the efficiency of the nucleophilic attack. In order to specify the contribution of the recognition by the enzyme, Laws & Page (1989) have proposed the computation of an 'enzyme-rate-enhancement factor' (EREF) obtained by dividing the kcat/Km value by koH-, the second-order rate constant for the hydrolysis of the same molecule by OH-ions. koH-values In an attempt to rationalize the kOH-values , we computed the net positive charge on C-8 of cephalosporins or C-7 of penicillins. Within each family, the differences were small and only became more significant between the penicillins and cephalosporins ( Table 1 also shows that electron-withdrawing substituents on C-3' and C-4 of cephalosporins contribute to the instability of the fl-lactam ring, but the effect is much stronger with the lactone. In this case no expulsion of the potential leaving group on C-3' was observed, in agreement with the results obtained by Laws & Page (1989) . The rate differences observed in Table 1 are those expected for purely inductive effects. The 1,Bg values for substituents at C-3' and C-4 have been reported to be respectively -0.06 and -0.5 (Proctor et al., 1982) , values that are consistent with a rate-limiting attack by OH-. The increased instability of the lactone is thus more related to the esterification of the carboxylate group than to the presence of a potential leaving group on C-3'. The relatively small influence of this substituent is in good agreement with the observations made by Mazzella & Pratt (1989) , who have shown that, with various enzymes, the departure of this leaving group, when it occurs, is subsequent to and not concerted with the opening of the fl-lactam ring.
Enzyme-rate-enhancement factors at pH 7.0 Table 7 shows the influence of the modification of the carboxylate group on the EREF values for the four enzymes studied here. At first sight, the commonly accepted idea that the anionic group is necessary for efficient acylation seems to be confirmed, although a striking exception can be immediately singled out: with the B. licheniformis enzyme the EREF of the lactone is nearly the same as that of deacetylcephalosporin C itself, an observation identical with that made by Laws & Page (1989) with the B. cereus fi-lactamase I, an enzyme closely related to that of B. licheniformis (Ambler, 1980) . As seen above, the electrostatic potential maps (Fig. 1 ) differentiate penicillins from cephalosporins much more than the various derivatives within a given family. Thus the behaviours of the molecules studied, when reacting with the various enzymes, cannot be rationalized on this basis, a conclusion that is reinforced by the fact that the hierarchy of the EREF values varies significantly from enzyme to enzyme, with the result that an explanation found satisfactory in one case cannot be generalized. In consequence, the enzymes are considered separately in the following discussion.
Streptomyces R61 DD-peptidase
The EREF value of the methyl ester is about 1/7000 that of benzylpenicillin and that of the lactone 1/2000 that of deacetylcephalosporin C. Thus esterification of the carboxylate group had similar effects in both families. The k2 value for the lactone (0.3 s-') is 5-fold larger than for deacetylcephalosporin C. However, the intrinsic reactivity of the lactone should reflect directly on this value, and, since it is 200 times that of deacetylcephalosporin C, one can conclude that geometric factors decrease the efficiency of the nucleophilic attack on the lactone by about 40-fold. The respective K' values are about 1.5 mm and 0.025 mm for the lactone and deacetylcephalosporin C respectively, and the decrease in the EREF seems to be equally due to Vol. 278 Table 7 . Enzyme-rate-enhancement:factors at pH 7.0 and 25°C for the four enzymes under study A = absolute value; R = relative value (that for benzylpenicillin = 1000). Frere et al., 1975) and 30°C (fl-lactamases; Matagne et al., 1990) .
EREF
t EREF values for Streptomyces R61 DD-peptidase from Varetto et al. (1987a) .
a lower affinity (K') and to a poorer positioning of the lactone in the active site of the enzyme (k1 contribution). Accordingly, the value of k2/K' for deacetylcephalosporin C decreases by about 6-fold between pH 8 and 10, and this is entirely due to an increase in K' (Varetto et al., 1987a) . All the results presented and discussed here thus remain in agreement with the simple hypothesis proposed previously that a positively charged group of pK 9 in the active site of the enzyme facilitates the binding of the antibiotic by forming an ion-pair with the carboxylate group of the latter molecule. Identification of this positively charged group remains difficult. T-he three-dimensional structur-al data at present available (Kelly et .al., 1989) indicate two potential candidates, Lys-65 and.His-298, and the former does not seem to be adequately positioned. This leaves only His-298, but this would require the pK of that group to be significantly higher than that of a free imidazolium group.
Class A «ilactamases
With relatively small quantitative differences, our results with the B. licheniformis enzyme are similar to those obtained by Laws & Page (1989) . In the penicillin family, the EREF of the amide is much smaller than that of benzylpenicillin, and that of the ester is even lower. By contrast, no such differences are found between the EREF values for cephalosporin C, deacetylcephalosporin C and the lactone. Indeed, the lactone is an even better substrate than the free acids, and its lower EREF is only due to its increased intrinsic reactivity. This might be explained by the fact that the two negatively charged cephalosporins are both very poor substrates ofthe enzymes. The disappearance ofthe negative charge would not make the situation much worse. Laws & Page (1989) have even suggested that, owing to its s-trans conformation, the lactone (A in Fig. 3 ) might interact with a positively charged substrate, as would the carboxylate group (B in Fig. 3) . The low EREF values of the three cephalosporins would then be due to the geometries and electrostatic potentials of the cephem double-ring system, which would induce a poor positioning of the molecules in the enzyme active site, making the nucleophilic attack by the active-serine oxygen atom quite inefficient.
With the ester, an adequate interaction would only be possible with the same trans rotamer (C in Fig. 3 ), steric hindrance impairing the correct positioning of the cis rotamer (D in Fig. 3 ). Since the cis rotamer is 16-35 kJ more stable, binding of the ester becomes 600-10f-fold more difficult than that of the lactone and free carboxylate group. The same explanation could account for our results with the B. licheniformis enzyme and benzylpenicillin, its ester and its amide. Indeed, one might expect the situation with the amide to be intermediate since, in that case, the two rotamers would be identical (E in Fig. 3 ) but the steric hindrance of the proton would be much less dramatic than that of the methyl group.
However, even within class A ,-lactamases this explanation cannot be generalized. Indeed, with the S. albus G enzyme, if the methyl ester remains a much poorer substrate than benzylpenicillin, the lactone is not significantly better than cephalosporin C and deacetylcephalosporin C. It should be underlined that the two Bacillus enzymes exhibit very similar primary structures whereas the S. albus G fl-lactamase appears to be a more distant relative. Thus, even in adclearly homologous group ofenzymes, modifications at the level of the substrate carboxylate group can have very different consequences.
E. cloacae fi-lactamase
Similarly, the explanation apparently valid for the Bacillus enzymes fails even more miserably to explain the behaviour of the class C /f-lactamase for which the EREF of the methyl ester is significantly higher than that of the lactone. In a gross manner, the EREF hierarchy for the class C ,8-lactamase is similar to that for the R61 DD-peptidase. This latter observation might be related to the significant structural similarities between the two enzymes (Joris et al., 1988) . The only striking difference is the unexpectedly high kcat./Km value for the methyl ester of benzylpenicillin, which makes it a relatively good acylating agent for this enzyme, better than some more classical 8-lactams such as imipenem and aztreonam (Galleni' et al., 1988) . It is the only case where the EREF for the ester reaches about 1 % of that observed for benzylpenicillin.
For the cephalosporin C/deacetylcephalosporin C/lactone group a clear parallelism can be established between the DDpeptidase and the 908R f8-lactamase. Moreover, with deacetylcephalosporin C, c2 appears to be smaller than k3 since the total rate of utilization of the substrate is not increased by the presence of methanol. The values of kcat. and Km thus essentially reflect those of k2 and K' respectively, i.e. k2 = 600 s-1 and K' = 0.075 mm. With the lactone, methanol increases the reaction rate and k3 appears to be smaller than k2, which also implies that K' is -larger than Km. By analogy with the peptidase, one might assume k2 to be 5-10-fold that for deacetylcephalosporin C, i.e. about 4000 s-1, which also yields K' = 2 mm. The ratio of the EREF values for deacetylcephalosporin C and the lactone, about 800, not very different from the value of 2000 observed with the DD-peptidase, woukd thus also be about equally due to a poor recognition (2 mM/0.075 mi = 23) and to a relatively less efficient k2 (4000/200 versus 600, taking account of the 200-fold larger intrinsic reactivity of the lactone).
Conclusions
The serine DD-peptidases and ,/-lactamases form a large family of penicillin-recognizing enzymes (Joris et al., 1988; Kelly et al., 1989; Oefner et al., 1990) . However, if some aspects of catalysis of the acylation of some class A ,J-lactamases can be partly rationalized on the basis of electrostatic interactions, it is not so for another class A enzyme or for the class C ,-lactamase and the DD-peptidase. At the present time, no-general scheme can be proposed by which the bond geometries and charge distribution of a f,-lactam compound would account for its interactions with the various types of enzyme. Our study was mainly concerned with the acylation step of these interactions. It should also be remembered that even larger differences are found for the deacylation rates, which, with benzylpenicillin for instance, vary from > 4000 s-I for class A fl-lactamases to 10-100 s-I for class C lactamases and 10-3-10-6 s-1 for the various DD-peptidases and penicillin-binding proteins.
